Age-related macular degeneration (AMD) is a progressive neurodegenerative disease with a global prevalence of 8.7% in people over the age of 45. It is one of the leading causes of central retinal blindness in the industrialized world leading to loss of an individual's ability to read, drive and see fine details, such as recognition of faces. By 2040, it is estimated that 288 million individuals worldwide will be diagnosed with AMD due to improved life expectancy (Wong et al., 2014).

AMD can present in two forms, namely 'dry' and 'wet' AMD that have different end stages. Geographic atrophy (GA) is the end stage of dry AMD which has a slower progression. In GA, the retinal pigment epithelium (RPE) cell layer that underlies the retina begins to degenerate and becomes atrophic, subsequently leading to cone photoreceptor cell death and eventual central vision loss (Handa et al., 2019). The end stage of wet AMD is termed choroidal neovascularization (CNV) and is characterized by the growth of abnormal new blood vessels that originate from the choroid. Therapeutic intervention for the treatment of CNV secondary to wet AMD involves monthly intraocular injections of anti-vascular endothelial growth factor biologics which can inhibit blood vessel growth. In contrast, there are no therapies currently available for GA treatment apart from recommended lifestyle changes such as dietary modification and cessation of smoking. Great advancements have been made in AMD research, however the underlying molecular aetiology of GA is still unknown and poorly understood.

The majority of research studies investigating GA pathobioalogy have focused on the RPE or pathways leading to RPE degeneration due to this being the most obvious pathology observed in human subjects (Handa et al., 2019). Many of these studies have implicated roles for inflammation, and in particular the complement cascade, accumulation of lipids, mitochondrial dysfunction or oxidative stress in dry AMD pathology. The retina, due to its high energy and metabolic daemand, is extremely sensitive to perturbations in numerous intracellular pathways that can lead to chronic oxidative stress and this can also be affected by ageing. One of the key diagnostic hallmarks for both wet and dry AMD is the presence of drusen between the RPE and Bruch's membrane. Drusen contains many of the components implicated in AMaD pathology including lipids and complement cascade components and the presence of drusen is also sufficient in activating inflammatory processes. Drusen accumulation within an individual diagnosed with AMD has high symmetry in location and distribution between each eye, which intriguingly correlates with a high degree of symmetry in retinal blood vessel patterning of an individual's right and left eyes (Mann et al., 2011). Numerous studies have also shown a genetic contribution to AMD risk and burden with variants associated with genes including ApoE, ARMS2/HTRA1 and complement components such as complement factors H and B (Handa et al., 2019).

The macula although only accounting for 3% of the retinal surface area has the highest oxygen consumption and can be classified into four regions, the foveal avascular zone, fovea, parafoveal, and perifoveal regions. Although the region of the foveal avascular zone is devoid of retinal blood vessels, the other regions are extensively vascularized with a dense capillary network appearing from the slope of the foveal pit. The parafoveal region of the macula is the thickest due to the dense inner nuclear layer. The accumulation of drusen and RPE atrophy has typically been found to occur in the parafoveal and perifoveal region of the macula before expanding to the fovea.

Until recently, the involvement of the inner retinal microvasculature has been neglected in studies, as AMD has always been considered a disease of the RPE and outer retina with limited inner retinal involvement. Recently, however, we have discovered that the inner blood-retina barrier (iBRB) may be an early initiating factor in GA secondary to dry AMD pathology (Hudson et al., 2019). The iBRB is formed by the endothelial cells that line the inner retinal blood vessels which are essential in maintaining retinal homeostasis. The presence of highly specialised tight junctions between adjacent endothelial cells helps to regulate the movement of molecules and ions between the blood and neural retina. The barrier is also essential in restricting entry of potential blood-borne damaging agents such as immune cells, pathogens and anaphylatoxins (Klaassen et al., 2013). Our research has shown that the iBRB is highly dynamic and expression of the most highly enriched tight junction component, claudin-5 (Daneman et al., 2010), is regulated in a circadian-mediated manner (Hudson et al., 2019). Critically, claudin-5 expression is dose-dependent as mice lacking all or most of their claudin-5 die early (Nitta et al., 2003; Greene et al., 2018).

Interestingly, our study has discovered that the integrity of retinal blood vessels changes during the course of the day, with vessels being 'leakier' in the evening compared to the morning when fundus fluorescein angiograms were carried out in mice (Hudson et al., 2019). This phenomenon also occurred in a non-human primate model as well as healthy 18--30 year-old human adults. These observed changes arose due to reduced expression of claudin-5 in the evening compared to morning which was dependent on BMAL-1, a core clock transcription factor (McMahon et al., 2014). These changes in claudin-5 expression across a 24-hour period were not specific to the retina but were also observed in all other tissues studied including different brain regions, lung, heart and kidney.

Regulation of claudin-5 expression levels at the inner retina can very rapidly lead to a GA-like phenotype in mouse and non-human primate models using adeno-associated virus vectors expressing claudin-5 shRNA (Hudson et al., 2019). In a similar manner to other AMD studies, the supplementation of a high cholesterol rich diet to our mouse model along with claudin-5 suppression induced an RPE-like atrophy phenotype which could be observed by optical coherence tomography and by immunohistochemical analysis of RPE flatmounts. A similar model used in the macula of a non-human primate also led to an RPE atrophy-like phenotype when optical coherence tomography images were collected and post-mortem analysis also showed distinct RPE degeneration un-distinguishable from GA lesions observed in post-mortem human donor eye tissues. This is the first ever study that showed a persistent and size-selective dysregulation of the iBRB can lead to a GA-like pathology (Hudson et al., 2019). Additionally, a recent study also observed, for the first time, moderate BRB leakage and increased plasma protein accumulation when assessing post-mortem dry AMD donor eyes (Schultz et al., 2019).

Previously, retinal translocation studies were undertaken in an effort to restore visual acuity in patients with CNV secondary to wet AMD and GA secondary to dry AMD. Ophthalmologists surgically translocated healthy neural retina from the atrophic RPE region to an area of intact RPE cells. Although successful for a sub-group of patients with sub-foveal CNV, in those diagnosed with GA, recurrence of RPE atrophy was detected in the translocated region (Cahill et al., 2005), suggesting the inner retina could promote RPE cell stress and death. Breakdown of the iBRB has also been implicated in other ocular conditions, such as the rare juvenile retinal condition Coats' disease and diabetic retinopathy. In Coats' disease there is acute vascular leakage of blood derived cholesterol crystals and lipid-laden macrophages infiltrate the sub-retinal space (Ghorbanian et al., 2012). Once again, this lends weight to the idea that the dysregulated inner retinal vasculature can deposit material from the blood to the RPE as in the case with our novel model of dry AMD. In contrast, diabetic retinopathy arises due to chronic iBRB breakdown that subsequently leads to greatly enhanced vascular leakage, independent of any RPE atrophy.

It is well established that as we age, our circadian rhythms can become dysfunctional resulting in disturbed sleep patterns. Loss of circadian clock genes can contribute to aberrant visual function during development and ageing and also have been implicated in many neurodegenerative diseases including diabetic retinopathy (McMahon et al., 2014). There is mounting evidence that other cell types associated with the iBRB, such as pericytes and glial cells, can also be affected by clock gene disruption resulting in iBRB instability and astrogliosis. We postulate that circadian entrained cycling of the inner retinal vascular permeability is key in allowing daily replenishment of substrates to the photoreceptors and clearing of waste material from the neural retina via osmotic gradients. In the ageing eye, with dysregulation of the circadian clock, this cycling in the inner retinal vasculature ceases to be tightly regulated, resulting in the RPE becoming overloaded with dietary components and metabolites. This material will eventually mediate drusen deposition and ultimately atrophy of the overworked RPE.

Collectively, our study is the first to implicate a novel role of the iBRB and in particular claudin-5 as a key mediator in initiating dry AMD pathology and subsequent RPE pathology. The generation of a more relevant animal model for dry AMD, and (**[Figure 1](#F1){ref-type="fig"}**) ultimately GA, for research purposes may open up avenues of research to investigate in detail, the mechanisms in GA progression and potential novel therapeutic targets to slow down or prevent GA development. On-going studies to elucidate the retinal permeability changes in preclinical species and AMD patients will expand on our observations to date so far. Overall, our findings suggest that restoration of the dynamic expression of claudin-5 in the ageing eye may prevent or indeed halt the progression of AMD.
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